Abstract. Interface waves on a single fracture in an elastic solid are investigated theoretically and numerically using plane wave analysis and a boundary element method. The finite mechanical stiffness of a fracture is modeled as a displacement discontinuity. Analysis for inhomogeneous plane wave propagation along a fracture yields two dispersive equations for symmetric and antisymmetric interface waves. The basic form of these equations are similar to the classic Rayleigh equation for a surface wave on a half-space, except that the displacements and velocities of the symmetric and antisymmetric fracture interface waves are each controlled by a normalized fracture stiffness. For low values of the normalized fracture stiffness, the symmetric and antisymmetric interface waves degenerate to the classic Rayleigh wave on a traction-free surface. For large values of the normalized fracture stiffness, the antisymmetric and symmetric interface waves become a body S wave and a body P wave, respectively, which propagate parallel to the fracture. For intermediate values of the normalized fracture stiffness, both interface waves are dispersive. Numerical modeling performed using a boundary element method demonstrates that a line source generates a P-type interface wave, in addition to the two Rayleigh-type interface waves. The magnitude of the normalized fracture stiffness is observed to control the velocities of the interface waves and the partitioning of seismic energy among the various waves near the fracture.
Introduction
At the microscale, a fracture in rock appears as two surfaces of irregular topography which contact to form void spaces and asperities of contact. A fracture with a sparse population of asperities is more compliant than a fracture with closely spaced asperities [Greenwood and Williamson, 1966; Gangi, 1978 fracture were observed to be sensitive to the magnitude of the mechanical stiffness of the fracture or, equivalently, to the static stress imposed on the fracture. Murty [1975] This paper investigates interface waves on a planar fracture in an elastic solid using plane wave and numerical analysis. The fracture is modeled as a displacement discontinuity boundary condition in both shear and normal displacements. Closed-form equations for fracture interface waves are developed. The characteristics of the dispersion and particle motions of trapped and leaky interface waves are examined. The partitioning of seismic energy among waves near the fracture is also evaluated.
Plane Wave Analysis
The seismic behavior of a thin fracture compared to the wavelength can be well described by the displacement discontinuity model. Across such a discontinuity, seismic stresses are continuous and particle displacements are discontinuous by an amount which is determined by the ratio of the stress on the fracture surface to the fracture specific stiffness [ Kendall and Tabor, 1971; Schoenberg, 1980; Rokhlin and Wang, 1991; Cook, 1992] . This boundary condition degenerates to that for a welded fracture as the fracture specific stiffness approaches infinity and, for two traction-free surfaces, as the fracture specific stiffness reaches zero. The displacement discontinuity model was found to accurately predict the frequency-dependent transmission of a plane ,wave normally incident upon a fracture [ Schoenberg, 1980 For a nontrivial solution of (10) 
by substituting •.2 = (1 -2 v)/(2-2 v) into (13). Equations Figure 5 also shows that the particle motion ellipse on the fracture surface is more vertically polarized for the antisymmetric interface wave than the one for the symmetric interface wave. The ratio of the ellipse radii of the particle motion, or equivalently, the ratio of the peak-peak amplitude of the vertical displacement to that of the horizontal displacement, on the fracture surface has been evaluated for a range of normalized fracture stiffnesses and displayed in Figure 7 . The two curves in Figure 7 indicate that, with increasing the normalized fracture stiffness, the particle motion ellipse on the fracture surface becomes more horizontally polarized for the symmetric interface wave and more vertically polarized for the antisymmetric interface wave. This dependence of particle motion polarization on the symmetry of interface wave fields may be explained as follows. The symmetric interface wave is supported by only the normal component and not the tangential component of the normalized fracture stiffness (see (11)). Thus, as the normalized fracture stiffness increases, the symmetric interface wave is compressed in the normal direction and not in the tangential direction, which leads to the particle motion of the symmetric interface wave becoming more horizontally To examine the effects of the fracture specific stiffness on the interface waves, displacements recorded on the lower fracture surface, 45.79 m from the source, are displayed in Figure 10 for a range of fracture specific stiffnesses. Both the shape and amplitude of the waveforms vary with fracture specific stiffness. Interface waves along a fracture generated by a line source at the fracture are investigated using a boundary element method (BEM). In the BEM scheme, the upper and lower fracture surfaces are divided into quadratic boundary elements. The time variable is discretized using an implicit timestepping algorithm. The displacement discontinuity boundary conditions given in (1) Figure 11 shows that the peak-peak amplitudes of the displacements for the PIW and RIW interface waves decrease as the fracture specific stiffness increases, which indicates that less seismic energy is partitioned from body waves into the interface waves with increasing fracture specific stiffness. Figure 12 displays the phase velocities of the RIW interface waves versus fracture specific stiffness. The analytical phase velocities are calculated using the symmetric and antisymmetric interface equations (11) The fracture is assigned a specific stiffness of kz =5xlO 9
Pa/m. The depth is normalized by the P and S wavelengths, •,•, and •,s.
In the plane wave analysis, the displacement discontinuity boundary condition for a fracture was applied to the potentials for the displacement field of inhomogeneous plane waves. This directly results in a 4 by 4 matrix equation for interface waves. By considering the symmetry of the wave field with respect to the fracture, the 4 by 4 matrix equation is decomposed into two 2 by 2 matrices which give the symmetric and antisymmetric interface wave equations. The normalized fracture stiffness (which is the ratio of the fracture specific stiffness to the product of the wave's angular frequency and the S wave impedance of the two half-spaces) controls the behavior of the interface waves. The normal and tangential components of the normalized fracture stiffness support the symmetric and antisymmetric interface waves, respectively. As the normalized fracture stiffness increases from lower to higher values, the phase velocities of the symmetric and antisymmetric interface waves increase from the Rayleigh wave velocity to the velocities of the body P and S waves, respectively. For values of the normalized fracture stiffness above 0.5•/2(1-v) (v is Poisson's ratio), the symmetric interface wave exists in a leaky mode.
In the wave field near a fracture generated by a line source, a P-type interface wave is observed to exist in addition to the Rayleigh-type interface waves predicted by the plane analysis. The particle motion of the RIW interface wave reverses from retrograde near the fracture to prograde at a certain depth. The particle motion direction of the PIW interface wave, opposite to the particle motion direction of the RIW interface wave, changes from prograde near the fracture to retrograde at a certain depth. With decreasing fracture specific stiffness, more seismic energy is partitioned from body waves into the interface waves.
These results may find direct application to seismic detection and characterization of fractures in the field.
Interface waves are characterized by localization of the seismic energy in the neighborhood of the fracture and hence travel with less loss in amplitude along the fracture than body waves which spread in three dimensions. In addition, fracture interface waves directly sample the mechanical properties of fractures. Therefore interface wave techniques may become a quantitative diagnostic tool for evaluating the physical properties of fractures in geoengineering and the strength of welding, bonds, and adhesives in nondestructive testing. For example, the leaky mode of the symmetric interface wave allows fractures to be detected by receivers located off the fracture. The dependence of the interface waves on the components of fracture stiffness may allow separate estimates of the horizontal and vertical components of fracture stiffness.
